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Stability of Steel Columns Subjected to
Earthquake and Fire Loads

Mehrdad Memari, A.M.ASCE"'; Hussam Mahmoud, M.ASCE?; and Bruce Ellingwood, Dist.M.ASCE?

Abstract: Assessing the stability of steel building frames exposed to fire conditions is challenging because of the need to consider the
elevated temperature properties of steel, nonuniform heating of structural members, and large deformational demands on the frames. This
challenge is further intensified if the stability of the frame is also influenced by the lateral forces of an earthquake that preceded the fire.
Although there has been significant progress recently in simulating the response of frames using finite-element methods, there is a need for
computationally efficient tools that would minimize the modeling effort and allow for accurate and rapid assessment so that a large number of
simulations can be conducted. To this end, the present study aims to develop a framework for conducting a stability analysis of steel columns
subjected to demands imposed by lateral loading followed by fire. A nonlinear formulation is proposed to assess the stability of W-shaped
steel columns under multihazard loading scenarios. Results from the proposed formulation show good agreement with available strength
design equations of steel columns at ambient and elevated temperatures. This computationally efficient tool can be used to investigate the
effects of a wide variety of variables on the stability of steel columns subjected to fire and fire following earthquakes. DOI: 10.1061/(ASCE)
ST.1943-541X.0001909. © 2017 American Society of Civil Engineers.

Author keywords: Steel columns; Fire following earthquake; Nonuniform temperature distribution; Stability analysis; P-A effects;
Temperature-dependent material properties; Analysis and computation.

Introduction

Significant progress has been made recently in the development of
analytical, numerical, and experimental tools that can be used to
evaluate the response of steel structural members and frames under
fire loads. Despite this progress, many challenges in evaluating
structural response under fire loading remain owing to the signifi-
cant geometrical nonlinearity and temperature-dependent material
inelasticity that must be considered in the structural analysis. This
is particularly the case when assessing the behavior of axially
loaded members due to the presence of low or negative stiffness
at the onset of instability. The stability of axially loaded members,
particularly columns, under elevated temperatures has been the
focus of several studies (Franssen et al. 1998; Takagi and Deierlein
2007; Agarwal and Varma 2011) because columns are key compo-
nents in resisting gravity loads in a building system.

A review of the literature indicates that many experimental and
numerical studies have been conducted to investigate the stability
of isolated steel columns exposed to fire loads (e.g., Vandamme and
Janss 1981; Franssen et al. 1998; Ali and O’Connor 2001; Takagi
and Deierlein 2007; Tan and Yuan 2009; Agarwal and Varma
2011; Agarwal et al. 2014). Memari and Mahmoud (2014) and
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Memari et al. (2014) conducted nonlinear finite-element analyses
to evaluate the performance of steel moment-resisting frames under
fire and fire following earthquakes, respectively. These studies
highlighted the need to enhance understanding of the response
of steel columns subjected to nonuniform temperature over their
length and interstory drift. The brief discussion that follows of the
two most recent and relevant studies on steel column buckling
under fire (Takagi and Deierlein 2007; Agarwal and Varma 2011)
will set the stage for introducing a new analytical model for evalu-
ating the response of W-shaped steel columns under the effects of
lateral demand followed by fire loading.

Takagi and Deierlein (2007) evaluated the AISC 2005 Specifi-
cation [AISC 360-05 (AISC 2005)] and Eurocode 3 (CEN 2005)
provisions for the design of isolated W-shaped steel columns under
elevated temperatures that were uniform along the column length.
Numerical models of columns were developed that accounted for
residual stresses, local and overall buckling, and material inelastic-
ity. Temperature-dependent material properties were adopted from
Eurocode 3 (CEN 2005). Initial geometric imperfections were also
considered in the numerical models. It was concluded that using
the column design equations in Chapter E when designing axially
loaded members under elevated temperatures, modifying only the
material properties for elevated temperatures, was highly noncon-
servative. The outcome of this study was equation (A-4-2) in
Appendix 4 of the AISC 2010 Specification [AISC 360-10 (AISC
2010)]—also available in AISC 2016 Specification [AISC 360-16
(AISC 2016)]—for W-shaped steel columns exposed to uniform
temperatures over their lengths.

Subsequently, Agarwal and Varma (2011) conducted finite-
element analyses to evaluate the effects of slenderness and rota-
tional restraints on the buckling of W-shaped steel columns at
uniform elevated temperatures. Shell elements were used to create
numerical models of columns because of their ability to capture
local buckling and inelastic flexural-torsional buckling and to ac-
commodate the specified residual stress distribution. Initial geomet-
ric imperfections, representing out-of-straightness, were included
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in the models, as were local imperfections. As with the earlier
Takagi and Deierlein (2007) study, temperature-dependent stress-
strain curves from Eurocode 3 (CEN 2005) were employed in the
numerical models. This study resulted in new design equations
for simply supported columns with uniform temperature distribu-
tions over their lengths, considering an equivalent bilinear material
behavior. The effects of rotational restraints, provided by continuity
with cooler columns above and below the column of interest in a
structural frame, were also included in the proposed design equa-
tions. The outcome of this study is available in the Commentary
of Appendix 4 of the AISC 2016 Specification [AISC 360-16
(AISC 2016)].

The studies by Takagi and Deierlein (2007) and Agarwal and
Varma (2011) showed that the computational efforts associated
with analyzing the stability of columns at elevated temperatures
were significant, and both studies introduced a set of assumptions
and simplifications to reduce the number of analyses to minimize
the computational efforts. For instance, they did not include the
effects of nonuniform longitudinal temperature profiles, various
boundary conditions, and P-A effects. There remains a need for
relatively simple tools that can be utilized to evaluate the instability
of columns under multiple demands and can account for the various
inelastic and geometrically nonlinear features associated with col-
umn behavior under elevated temperatures.

Such tools are developed in this study, in which an analytically
nonlinear formulation is developed to perform a stability analysis
of W-shaped steel columns subjected to initial imperfections, P-A
effects, and nonuniform distributions of temperature along the col-
umn lengths. This formulation takes into account the residual stress
distribution in W-shaped hot-rolled steel sections, initial out-of-
straightness and out-of-plumbness in steel columns, temperature-
dependent material properties, residual interstory drift caused by
lateral demands, and specified boundary conditions, i.e., pinned—
pinned, fixed—fixed, and fixed—pinned. The results of the pro-
posed approach are verified by comparisons with previous studies.
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The results highlight the importance of details of the material mod-
eling and P-A effects on the instability of steel columns exposed
to either uniform or nonuniform longitudinal elevated temperature
profiles. The identification of fire scenarios is outside the scope of
this study because the occupancy of the steel building frame is not
specified. However, the column temperatures considered in the case
studies are typical of the temperatures that develop in steel columns
designed in accordance with Appendix 4 of the AISC 2016 Speci-
fication [AISC 360-16 (AISC 2016)].

Second-Order Finite-Element Formulation

Fundamental Equations

The proposed analysis of a geometrically nonlinear response of a
beam—column element subjected to a nonuniform temperature dis-
tribution along its length is based on Euler—Bernoulli beam theory
and is an extension of results obtained by Carol and Murcia (1989)
and Memari and Attarnejad (2010). A finite element of length L,
shown in Fig. 1(a), is assumed to have a nonuniform temperature
distribution, with 7; and 7T'; being the nodal temperatures at either
end, while the temperature across the section is uniform. The as-
sumption of a uniform temperature in the cross section is based on
a previous study by NIST in which it was shown that the variation
in the cross-sectional temperature was minimal (Phan et al. 2010).
This assumption is reasonable for unprotected steel members, as
well as for steel members with uniform protection from all sides
when they are uniformly subjected to fire load from all sides.
An example of such a case would be an interior column in a build-
ing that is subjected to fire from all sides owing to a multiple-
compartment fire on a given floor.

Since the elastic modulus of steel is a function of temperature
and degrades at elevated temperatures, the nodal temperature at
each end of the element will result in temperature-dependent

(c)

Fig. 1. (a) Finite element subjected to nonuniform longitudinal temperature along with applied external axial force, N;, and bending moments, M,
and M;; (b) deformed state of element with all nodal deformation variables; (c) deformed state of element with all nodal force variables

© ASCE

04017173-2

J. Struct. Eng.

J. Struct. Eng., 2018, 144(1): 04017173



Downloaded from ascelibrary.org by University Of Florida on 10/23/17. Copyright ASCE. For persona use only; all rights reserved.

moduli of elasticity E(T;) and E(T;), as shown in Fig. 1(a). In this
study, a linear variation of a temperature-dependent modulus of
elasticity is assumed along the length of the finite element. The
entire column can be divided into elements that are sufficiently
short that the linear variation along each element allows the non-
linear variation along the entire length of the column to be captured.
The modulus of elasticity along the length of the finite element at
coordinate x, E(x), can therefore be written

X
E(x) = E(T;) <1 +%) (la)
where L = length of finite element, and ( is calculated as follows:
E(T)
¢ (T (1b)

If the temperature is constant along the length of the
element, ¢ = 0.

Fig. 1(a) shows that three external nodal actions—axial force at
node i and bending moments at nodes i and j—are applied to the
beam—column element. Figs. 1(b and c) show the deformed state
of this element with full nodal deformations and applied external
nodal actions, respectively. In accordance with the deformed state
of the element, Fig. 1(b), the kinematic (strain—displacement) equa-
tions can be written in the following matrix form:

_(”j_”i) 1 0
Wj— Wi L _Mlre
i3 —0; :/ 01 L { }dx (2a)
9._Wj_wi 0 0 X ¥
J L L
L
u:/ Q7 - ydx (2b)
0

where € and ¢ = axial strain at neutral axis of element cross section
and element curvature, respectively. Other variables in Eq. (2a) are
shown in Fig. 1(b). The matrix form of the kinematic equations is
written in a more compact form in Eq. (2b), where u is a vector of
relative displacements and rotations, y is a vector of strains, and €
is a matrix that transforms strains into displacements and rotations.

Cross-sectional forces can be obtained based on applied external
nodal forces and moments using equilibrium equations per Eq. (3a)
in what follows. To include the second-order moments due to the
deflection of column centerline with respect to its chord, often re-
ferred to as the P-6 effect, a vector of forces due to the deformed
state of the beam—column element, shown in Fig. 1(c), is added to
the nodal equilibrium equations:

[N(x)}_ Lo o Z oo } -
M(x) |0 1_2 L Ml —N; - wy(x)
R(x) = Q- f +Ry(x) (3b)

where w,(x) = out-of-straightness curvature of the beam-column
that causes the P-¢ effects. The compact format of the matrix equa-
tion, Eq. (3)), indicates that R,(x) is a vector of cross-sectional
forces developed because of the inclusion of the P-¢ effect. The
vector f represents the applied external nodal actions, and € is
a matrix that correlates the applied external nodal actions to those
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developed internally in the cross section. Note that the matrix Q
appears in both the kinematic and equilibrium equations.

The cross-sectional strain and curvature are related to the cross-
sectional forces using constitutive law per the following Eqgs. (4a)
and (4b), under the assumption that the element responds elastically
to nodal forces:

N(x) B E(x)A 0 € .
{M(x) 0 EI [(,0] (4a)
R(x) = k(x) -7 (4D)

in which k4 (x) = section stiffness matrix. The variation in the elas-
tic modulus along the column length caused by the nonuniform
temperature distribution is reflected in Eq. (4). This is one of the
most important features of the present formulation since a constant
modulus of elasticity would imply no variation in temperature
along the length. Substituting the longitudinal linear variation of
the elastic modulus, Eq. (1), into the equation representing k4 (x)
leads to Eq. (5):

K, (x) :E(Ti)<l +CL—’“> {g ﬂ (5)

which clearly indicates that the section stiffness varies along the
length of element as a function of temperature (elastic modulus).

First- and Second-Order Stiffness Matrices

The first-order and geometric stiffness matrices necessary for the
stability analysis can be extracted from the kinematic, equilibrium,
and constitutive law equations. First, substituting the equilibrium,
Eq. (3b), and constitutive, Eq. (4b), equations into the kinematic
equation, Eq. (2b), results in

L L
u= / QTk;1Qf dx +/ Q'K 'Ry (x)dx (6)
0 0

Eq. (6) can be rearranged based on f, leading to

f=n-utfs ™)
in which
n= (/L QTk;Ideyl (8a)
0
fo=n [ 9N R (85)
0

where stiffness n relates the vector of relative displacements and
rotations, u, to the vector of applied external actions, f, and f, rep-
resents nodal actions resulting from second-order P-6 effects. If the
Q and k3! matrices are substituted into Eq. (8a), n will become

r . -1

1

— 0 0
A

L 1 _x)2 _ X\ x
n:/ o U= 0-pif,
0 E(Ti)(l—i-f) 1 I2
o U-DF @
L I r ]

©)

As a final step, the vector of applied nodal forces and moments,
f, and the vector of relative displacements and rotations, #, must be
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related to the full vector of nodal actions and deformations, F and
U, respectively:

iowi Gl (100)

A transformation matrix, I', defined by

1 0 0
1 1
O 7 1
. 0 -1 0 ()
=1 0 o0
1 1
0 - =
L L
Lo o0 1|

can be used to relate f and u to F and U, respectively, per Eq. (12).
Note that the moments caused by the P-¢ effects have been con-
sidered in Eq. (7) via vector f,. Therefore, Eq. (12a) includes the
effects of moments; however, the shear forces caused by the P-§
effects are missing. Therefore, a new vector of nodal shear forces,
F,, is added to F, as shown in Eq. (12a). This new vector, shown in
Eq. (13), considers the shear forces to be proportional to the axial
force caused by P-¢ effects:

F=T-f+F, (12a)
u=IT.U (12b)

w;—w; wi;—w; T

Substituting Eqs. (7) and (12b) into Eq. (12a) yields
F=T -(u+fy)+F,=I["U+If, +F, (14)
As can be seen from Eq. (14), the full vector of nodal actions, F,
has been related to the full vector of nodal deformations via the first

term; therefore, the stiffness matrix of an element, K, with nonuni-
form longitudinal temperature can be defined by

K = I’ (15)

The term n in the element stiffness matrix reflects the effects
of temperature variation along the length of the beam—column ele-
ment. The second and third terms in Eq. (14) represent the geomet-
ric stiffness matrix of the element, Ks:

KeU =TIf, +F, (16)

The overall second-order elastic stiffness can be written in clas-

(17b)

wa(x) = w(x) —wi(x)

_ 5 Wi_Wj x _ e
=0x + 7 x—l—/o [0 x T]|:(p:|d7‘ (17¢)

Wi_wj

7 x—i—AxﬂydT (17d)

wy(x) = 0ix +

Wi_wj
L

wy(x) = Ox + x+ Axﬂk;IQnFTUdT (17¢)

The inclusion of matrix 1 in Eq. (17¢) inherently accounts for
the effects of temperature variation along the element length on the
geometric stiffness matrix of the element.

Analysis of Column Stability under Elevated
Temperatures

Finite-Element Analysis

This section presents details of the finite-element analysis used to
obtain the critical buckling stress at instability for a column sub-
jected to either a uniform or nonuniform temperature distribution
over its length. Fig. 2 shows a schematic description of the finite-
element model of a steel column with a nonuniform distribution
of temperature over its length. All columns analyzed in this study
are divided into 50 identical elements in length, regardless of the
uniformity of the temperature distribution. Although a mesh study
indicated that 25-30 elements were sufficient to achieve the re-
quired level of accuracy, it was decided to use 50 elements since
the increase in computational demand, compared to what is re-
quired for 25 elements, is negligible. The assemblage of stiffness
matrices (elastic and geometric) of all 50 elements results in the
stiffness matrix of a column, as described in what follows.

As shown in Fig. 2(a), initial out-of-straightness is considered
in the geometry of the columns analyzed. The out-of-straightness
is modeled by introducing a single sinusoidal curve along the col-
umn length such that a maximum displacement of 0.001L .—as per
Comm. C2. in the AISC 2016 Specification [AISC 360-16 (AISC
2016)]—is located at midheight of the column, where L, is the
length of the column. As shown in Fig. 2(c), the rotation angle of
each element («) in global coordinates resulting from the initial
out-of-straightness is considered separately in generating the elastic
and geometric stiffness matrices of the element. The transformation
matrix of Eq. (18) is used to obtain the stiffness matrices in accor-
dance with the global coordinates considering the element angle ()
as shown in Eqgs. (19a) and (19b):

sic form K = K + K. [ cosa  sina 0 0 0 0]

Alllvectors and matrif:es %n Eq. (16) were established vx{ith the _sina cosa 0 0 0 0
exception of R,(x), which is embedded in Eq. (8) defining f,.
However, only w,(x) is needed to define R,(x), which can be T — 0 0 1 0 0 0 (18)
obtained using the compatibility equation of the element in its de- o 0 0 0 cosa sina 0O
formed state according to Fig. 1(b). Defining w(x) in terms of nodal .
displacements and rotations results in the determination of w;(x) 0 0 0 —sina cosa 0
through the following steps: 0 0 0 0 0 1

X
w(x) =w; + 0;x + A olx —T1)dT (17a) K, — T'KT (194)
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Fig. 2. (a) Inclusion of out-of-straightness initial imperfection with single sinusoidal curve along length of column; (b) nonuniform distribution of
temperature along column length; (c) schematic explanation of finite-element analysis considering angle of elements

KG.(! = TTKGT (19b)

where K, and K¢, = first-order and geometric stiffness matri-
ces in the global coordinate system. The effect of initial out-of-
plumbness (P-A) imperfection is also included explicitly in the
finite-element analysis. This is realized through introducing an
initial out-of-plumbness of 0.001L.—below the allowable limit
of 0.002L. as per Comm. C2 in the AISC 2016 Specification
[AISC 360-16 (AISC 2016)]—at the top end of the column and
calculating the lateral sway for the remaining nodes, assuming a
straight column. Following this step, the lateral nodal displace-
ments are multiplied by the applied axial force to calculate the cor-
responding nodal moments, which are then assembled with the
applied axial force to form the entire action vector on the column.

The nodal temperatures at the ends of each element are also con-
sidered in generating the stiffness matrices described in Figs. 2(b
and c). The modulus of elasticity, corresponding to the nodal
temperatures, can be obtained from available codes, for instance
Eurocode 3 (CEN 2005) or the AISC 2016 Specification [AISC
360-16 (AISC 2016)]. To determine the critical buckling stress
causing column instability, the applied compressive force is in-
creased incrementally until the onset of buckling in the column.
A maximum loading increment (AP) of 2.45 kN (1 kip) is adopted
in this study. A compact W14X90 section, fabricated from ASTM
A992 structural steel [ASTM A992/A992M (ASTM 2015)], is se-
lected for the finite-element analyses.

Inelastic Buckling
As indicated in the AISC 2016 Specification [AISC 360-16 (AISC
2016)], slender columns with a slenderness ratio (A = L/r) less

than 4.71 \/FE at ambient temperature are susceptible to inelastic

buckling, while columns with a slenderness ratio greater than
4.71 \/FZ buckle elastically. Therefore, it is important that this dis-

tinction be captured in the finite-element analysis of the column.
This is realized by defining two independent limit states. For in-
elastic buckling, six reference points (RPs) are specified over
the cross section of the column, as shown in Fig. 3(a), and the
stresses developed at these six RPs are calculated in all elements
at each loading increment using Eq. (20):
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o(n,m) = max (P(Am) + M(”»";) : y1:6) 20)

where o(n, m) and M(n, m) = maximum developed compressive
stress and the bending moment, respectively, at node » in incre-
ment m; P(m) = applied axial compressive force at increment m;
V1.6 = distance from the six RPs to the neutral axis of the cross
section, as shown in Fig. 3(a); and A and [ are the cross-sectional
area and moment of inertia, respectively.

The onset of compressive yielding at any of these six RPs, based
on the yield stress for the temperature at that section, is chosen as
the limit state for inelastic buckling in accordance with Eq. (21):

o(n,m)
Fy(n)

x(m) = (21)

where x(m) = maximum ratio of developed compressive stress,
o(n,m), to yield stress at node n, F(n), at loading increment .

Z
Fr,l(T)
o RP5 - AN
Fr c(T) 2 a / ¥ N Fr,c(T)
Ya Ye /
Y — FeeM { FelT)
\
Y1 Y3
IN \ r
RP1 ¢ RP 3 il T) —d FreM)
RP2 SN
Frd(T)
(a) (b)

F{(T)=B,.F(20°C)

By=Fy(T)/F,(20°C)
F(20°C)=Residual stresses at 20°C
F.«(T): Tensile residual stress

F.c(T): Compressive residual stress

Fig. 3. (a) Six reference points (RPs) in W-shaped steel section;
(b) distribution of residual stresses in W-shaped hot-rolled steel
sections
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It should be noted that F;(n) is not constant and depends on the
nodal temperature. Furthermore, the calculated stress in the cross
section is influenced not only by the applied load but also by any
residual stresses that might be present, modeled by the residual
stress field shown in Fig. 3(b). It is assumed that the maximum
thermally induced residual stresses are 70 MPa (approximately
0.2F ) at ambient temperature according to assumption made by
Takagi and Deierlein (2007). The reduction factor for yield stress
at elevated temperatures is also used to reduce the intensity of the
residual stresses in the cross section. This assumption was also
made by Takagi and Deierlein (2007) and allows the authors to
compare the results of the present study with the aforementioned
article. Lastly, the inelastic critical buckling stress, F, is deter-
mined using Eq. (22), when the value of x(m), in one of the sec-
tions, reaches a limit of 0.99:

Fo=—" (22)

Elastic Buckling

The lateral stiffness of the steel column under the applied compres-
sive load defines the limit state for elastic buckling. In this limit
state, the applied compressive load and maximum deflection of the
column are recorded at each increment. The lateral stiffness of the
column in increment m, x(m), is obtained using Eq. (23):

P(m)—P(m—1)
wm) = o) —dom =1) (23)
where P(m), P(m — 1), d(m), and d(m — 1) = applied compressive
forces and maximum deflections, respectively, of the column in
increments m and m — 1. Once the lateral stiffness of the column
at a given loading increment is computed, it is then compared to the
initial lateral stiffness of the column, (1), which is calculated
based on the first increment of loading. This is performed using

(24)

where p(m) = reduction in column lateral stiffness in mth increment
in comparison to the initial lateral stiffness, x(1). Theoretically,
Euler elastic buckling for a concentrically loaded column takes
place when p(m) reaches zero. However, an initial assessment of
the method herein indicates that the onset of elastic buckling is
reached when the column loses 96% or more of its initial lateral
stiffness. Therefore, the elastic buckling is determined when p(m)
is at 4% or less in the mth increment of loading. Eq. (22) is also
used here to calculate the elastic critical buckling stress, F,.

Temperature-Dependent Material Modeling

In this study, the stress-strain curve for ASTM A992 structural
steel [ASTM A992/A992M (ASTM 2015)] is assumed to be
elastic—perfectly plastic at ambient temperature. However, at ele-
vated temperatures, the transition from elastic to inelastic material
behavior utilized in the stability analysis has shown a significant
effect on the calculated critical buckling stress of steel columns at
elevated temperatures (Takagi and Deierlein 2007; Agarwal and
Varma 2011). Three essential mechanical properties of structural
steel are considered in the instability analysis of columns exposed
to elevated temperatures: modulus of elasticity (E), proportional
limit (F,), and yield stress (F). Variations of E, F,, and F as
a function of temperature according to Eurocode 3 (CEN 2005),
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Fig. 4. Variations of E, F,, and F as a function of temperature per
Eurocode 3 (CEN 2005), normalized to their values at ambient tem-
perature, are denoted by (g, 3, and 3, respectively

normalized to their values at ambient temperature, are denoted
by Bg, 3,, and 3, respectively, and are shown in Fig. 4. The analy-
sis herein does not consider fire protection of the structural steel
material. It is therefore conservative in assuming that the temper-
ature is applied to the full column as opposed to a specific region
where the fire protection has been damaged or removed.

Four alternative material modeling approaches are considered
for ASTM A992 structural steel [ASTM A992/A992M (ASTM
2015)] as shown in Fig. 5. First, the temperature-dependent me-
chanical properties of steel material are modeled exactly as in
Eurocode 3 (CEN 2005), as shown in Fig. 5(a). This material mod-
eling inherently considers thermal creep effects, as indicated by the
curvilinear behavior of material at elevated temperatures. As noted
previously, this material modeling approach was implemented by
Takagi and Deierlein (2007). Second, an actual curvilinear stress-
strain curve of steel material at elevated temperatures is idealized
with the bilinear relation shown in Fig. 5(b). In this approach, the
equivalent modulus of elasticity, E,,(7), and yield stress, F .,(T),
are computed such that the two hatched areas in Fig. 5(b) are equal.
This approach has been used by Agarwal and Varma (2011). Third,
a temperature-dependent elastic—perfectly plastic stress-strain
curve is considered with no consideration of the effects of propor-
tional limit (F,), as shown in Fig. 5(c). Fourth, a trilinear stress-
strain curve is implemented, as shown in Fig. 5(d). In this approach,
the temperature-dependent modulus of elasticity is adopted from
Eurocode 3 (CEN 2005) with no changes; however, a new effective
yield stress, F,,(T), is defined such that two hatched areas in
Fig. 5(d) are identical. These four approaches are referred to in
the next sections of this article as Material Models (a)—(d). The var-
iations in E, F s and F yasa function of temperature, described by
BE> By, and 3, for the four different reference stress-strain curves
are summarized in Table 1.

Validation of Proposed Analysis

A set of analyses is conducted to illustrate the column stability
analysis approach presented herein and to compare the buckling
stresses predicted with this approach to those predicted by other
investigators under similar temperature and constitutive material
conditions. This includes examination of buckling stress of a
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Fig. 5. Material modeling: (a) Eurocode 3 (CEN 2005) employed by Takagi and Deierlein (2007); (b) Agarwal and Varma (2011); (c) elastic—

perfectly plastic; (d) trilinear equivalent model

pinned—pinned column at ambient and elevated temperatures using
the W14X90 steel column. While the developed formulation can
account for any restraints at the column ends, only pinned—pinned
boundary conditions are used so that a direct comparison can be
used against existing code provisions, which were developed using
pinned—pinned boundary conditions. Details of the column evalu-
ated are shown in Fig. 6.

Table 1. Summary of Variations in 3, 3,, and (3, for the Four Different
Stress-Strain Curves Considered

Material (a) Material (b) Material (¢) Material (d)

Temperature

(OC) ﬁy ﬁp JBE ﬁy.eff ﬁlieff egy ﬁE 6}1} JBE
20 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
200 1.00 0.81 0.90 0.89 0.84 1.00 090 0.88 0.90
300 1.00 0.61 0.80 0.79 0.68 1.00 0.80 0.77 0.80
400 1.00 042 0.70 0.69 0.54 1.00 0.70 0.67 0.70
500 0.78 0.36 0.60 0.56 047 0.78 0.60 0.54 0.60
600 047 0.18 0.31 032 024 047 031 031 0.31
700 0.23 0.08 0.13 0.15 0.10 0.23 0.13 0.14 0.13
800 0.11 0.05 0.09 a a 0.11 0.09 0.07 0.09

“These are not provided by Agarwal and Varma (2011).
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Fig. 6. Details of column member analyzed under uniform ambient and
elevated temperatures
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Fig. 7. Buckling stress computed using AISC 2016 Specification
[AISC 360-16 (AISC 2016)] and proposed formulation in present study

Uniform Longitudinal Ambient Temperature:
Pinned-Pinned Column

At ambient temperature, the results of the analysis are compared to
the column buckling stress, F ., determined with Egs. (25a)—(25¢),
in accordance with equations E3 and E4 of the AISC 2016 Speci-
fication [AISC 360-16 (AISC 2016)].

For Lcan JE L p, - [0.6587| F (25a)
r F, Y
KL E
For =~ > 471, | — Fo, = 0877F, (25b)
r y
m2E
Fe = (K_Ty (256)

The AISC 2016 Specification [AISC 360-16 (AISC 2016)]
equations for column buckling at ambient temperature are based on
the assumption of elastic—perfectly plastic behavior of material.
Therefore, the same material behavior is assumed in the verification
at ambient temperature. Furthermore, while column initial out-of-
straightness is considered, the effect of initial out-of-plumbness is
neglected because it is not reflected in the AISC 2016 Specification
[AISC 360-16 (AISC 2016)] column curve. As shown in Fig. 7,
excellent agreement is observed between the critical buckling
stress computed using the proposed formulation and that of the
AISC 2016 Specification [AISC 360-16 (AISC 2016)] design
equation.

Uniform Longitudinal Elevated Temperatures:
Pinned-Pinned Column

Two additional studies are chosen for further verification of
column stability at elevated temperatures, utilizing the column
buckling equations at elevated temperature, proposed by Takagi
and Deierlein (2007) and Agarwal and Varma (2011). In fact,
the equation for column buckling under uniform elevated tem-
perature according to Appendix 4 of AISC 2016 Specification
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[AISC 360-16 (AISC 2016)] is based on the equation proposed by
the earlier study conducted by Takagi and Deierlein (2007) as
shown by Eq. (26):

Fo(T) = {0.42\/2?2} F\(T) (26)

where F,(T) = Euler elastic buckling stress calculated by Eq. (25¢)
with the modulus of elasticity E(T) at (uniform) elevated temper-
ature in the column. In both studies, a uniform temperature distri-
bution along the length of the pinned—pinned columns is assumed,
initial out-of-straightness and residual stresses are considered,
but the initial out-of-plumbness was not taken into account. Takagi
and Deierlein (2007) utilized Material Model (a) in accordance
with Fig. 5(a) while Agarwal and Varma (2011) implemented
Material Model (b). Making the same assumptions as in the two
previous studies allows for a direct comparison with the results
of those studies.

The comparison is conducted at four various temperatures:
200, 400, 600, and 800°C. In this comparison, the proposed design
equations by Takagi and Deierlein (2007) and Agarwal and Varma
(2011) are plotted first for each of the above-mentioned tempera-
tures. Then, using each of the four temperature-dependent Material
Models (a)—(d) discussed in the previous section, a nonlinear finite-
element analysis was conducted. Fig. 8 shows good agreement
between the results obtained using the proposed finite-element
formulation and the results achieved using the equations proposed
in the two above-mentioned studies at all temperatures. Thus, the
results of the proposed methodology against previous studies,
which utilized commercial finite-element software with shell ele-
ments, clearly demonstrates the efficiency of the proposed ap-
proach and highlights its potential as an attractive alternative to
evaluate stability of columns at elevated temperatures.

This study has confirmed the results of previous analyses
(Takagi and Deierlein 2007; Agarwal and Varma 2011), which
showed that the use of elastic—perfectly plastic temperature-
dependent material behavior results in nonconservative estimates
of buckling stresses. Moreover, Fig. 8 shows that the proposed tri-
linear temperature-dependent material behavior in the present study
provides very good agreement with the previous studies, particu-
larly with the results of Agarwal and Varma (2011). The calculated
buckling stresses using the proposed stability analysis framework
are in good agreement, overall, with those found in previous stud-
ies. Since Material Models (b)—proposed by Agarwal and Varma
(2011)—and (d)—proposed in this study—provide similar results,
further analysis on evaluating the effect of initial lateral demand is
conducted using Material (d).

Case Study 1: Effect of Boundary Conditions Using
Uniform Longitudinal Temperatures

As previously discussed, the effects of boundary condition on
buckling of steel columns at elevated temperatures can be captured
using the proposed formulation. To illustrate this capability, two
various boundary conditions are considered including fixed—fixed
and fixed—pinned as shown in Fig. 9. The fixed—fixed column is
analyzed under uniform ambient temperature and 400°C as shown
in Fig. 9(a). The fixed—pinned column is evaluated under uniform
temperatures of 200 and 600°C as shown in Fig. 9(b).

The results of the fixed—fixed column subjected to uniform am-
bient temperature are compared to current AISC 2016 Specification
[AISC 360-16 (AISC 2016)], Eq. (25), as shown in Fig. 10. It is
noted that the effective length factor of 0.5 is employed in the
available equations because of the fixed—fixed boundary condition.
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Fig. 8. Buckling stress of steel columns subjected to uniform longitudinal temperature using nonlinear finite-element analysis presented in this study
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Fig. 9. (a) Fixed—fixed column with uniform longitudinal ambient and 400°C temperatures; (b) fixed—pinned column with uniform longitudinal 200

and 600°C

An excellent agreement is observed between the proposed formu-
lation and the AISC 2016 Specification [AISC 360-16 (AISC
2016)]. The fixed—fixed column with the uniform longitudinal tem-
perature of 400°C is analyzed using Materials (a)—(d) and the re-
sults are compared to the results of Takagi and Deierlein (2007) and
Agarwal and Varma (2011). As shown in Fig. 10, good agree-
ment is observed between the results for the formulation using
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Material (a) and Takagi and Deierlein (2007). In addition, the re-
sults of Materials (b) and (d) show a good agreement with Agarwal
and Varma (2011) as shown in the same plot. The results obtained
using Material (c) show nonconservative prediction of buckling
stress as observed in the validation study as well.

The fixed—pinned column with the uniform longitudinal temper-
atures of 200 and 600°C is also analyzed using Materials (a)—(d).
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Fig. 10. Critical buckling stress of steel columns subjected to uniform longitudinal temperatures considering various boundary conditions

In this case, an effective length factor of 0.8 is implemented in the
available equations. As shown in Fig. 10, it is observed that the
buckling stress calculated using Material (a) is in excellent agree-
ment with those calculated using Takagi and Deierlein (2007).
Moreover, the results for analysis for Materials (b) and (d) are in
a close agreement with the results using the equation proposed by
Agarwal and Varma (2011). Material (c) also does not show a good
performance in this case study similar to validation analysis.

Case Study 2: Effect of Interstory Drift Followed by
Uniform Longitudinal Temperature

To emulate the multi-hazard effect of lateral demand on a column
resulting from an earthquake followed by fire loading, an analysis
is conducted to evaluate the instability of pinned—pinned columns
exposed to uniform temperatures along the column length, with and
without interstory drift. The interstory drift represents a level of
residual drift that might be experienced by a column at the conclu-
sion of an earthquake event. For a typical steel moment frame,
e.g., located in San Francisco, the drift limits used in this case study
might correspond to a state of substantial but repairable damage
with a return period of about 400-500 years. To establish context,
a residual drift of 1% might arise from an earthquake with a return
period of 500 years. It is emphasize that the analysis conducted in
the present study is aimed at highlighting the capabilities of the
proposed framework in addressing stability effects under combined
hazards. Further studies are needed to fully assess such loading
demand. For example, evaluating the response of an isolated col-
umn, with idealized pinned—pinned boundary conditions, does not
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provide the same level of insight that could be achieved from a
frame analysis. Furthermore, while it is recognized that structural
deterioration due to reversals of inelastic deformation during an
earthquake may occur, the hysteresis loops of properly designed
steel moment frames are relatively stable, and the deterioration
in strength and stiffness would be less than the deterioration at
elevated temperatures indicated by Table 1.

As shown in Fig. 11(a), four uniform temperatures are consid-
ered in the analysis—200, 400, 600, and 800°C along the column
length. Materials (a) and (d), in accordance with Fig. 5, are utilized
in the analysis to investigate their effects on the response of col-
umns subjected to various levels of interstory drift and tempera-
tures. First, the columns are analyzed with no interstory drift as
shown in Fig. 11(b). Second, two levels of lateral sway are applied
to the columns: A =0.01L, and A =0.02L, as shown in
Fig. 11(c).

Fig. 12 shows the results of the analyses of the above columns.
The inclusion of interstory drift causes a significant reduction in the
stress at instability of pinned—pinned steel columns, as might be
expected. Furthermore, Material (d) generally resulted in larger in-
stability stresses for columns with no interstory drift in comparison
to Material (a) except at slenderness values, A, smaller than 40.
However, when interstory drift is included, Material (d) always
resulted in relatively smaller instability stresses than those obtained
using Material (a).

The minimum reduction in the instability stress in the presence
of interstory drift appears to occur in the shortest steel columns,
with A = 10. The reduction is 50-55% for 1% interstory drift and
65-70% for 2% interstory drift for both Material Models (a) and
(d). The maximum reduction in instability stress due to interstory
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Fig. 11. (a) Uniform temperature distribution in columns; (b) pinned—
pinned columns with various slenderness ratios and no residual
interstory drift; (c¢) pinned—pinned columns with various slenderness
ratios and subjected to lateral sway at two levels of A = 0.01L, and
A =0.02L,

drift occurs in columns in the slenderness range between 50 and
100 (50 < X £ 100). For 1% interstory drift, Material (a) results in
70-80% reduction in the instability stress while an 80-90% reduc-
tion is seen using Material (d). Not surprisingly, these reductions
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increase at an interstory drift of 2%. The reduction in the instability
stress caused by the interstory drift is minimal for slenderness ratios
larger than 100 (A > 100), where the column behavior is approach-
ing the elastic condition.

Case Study 3: Effect of Interstory Drift and
Nonuniform Longitudinal Temperature

The proposed stability formulation has the capability to analyze
columns under temperature profiles that are nonuniform along the
column length; this is one of its distinctive features when compared
with previous column analyses. Two nonuniform longitudinal lin-
ear temperature profiles, shown in Figs. 13(a and b), are chosen to
illustrate this capability. Temperature Profile 1 has minimum and
maximum temperatures of 300 and 600°C, respectively, shown in
Fig. 13(a), while Temperature Profile 2 starts from 400°C at one
end and rises up to 800°C at the other end, shown in Fig. 13(b).
Columns in this illustration of nonuniform longitudinal temperature
effects are analyzed without interstory drift, Fig. 13(c), and with
1% drift, A = 0.01L,, as shown in Fig. 13(d). The effects of mate-
rial stress-strain modeling are also considered.

As shown in Fig. 14, columns with interstory drift have signifi-
cantly smaller stresses at instability than those with no lateral drift.
When the columns are not subjected to interstory drift and column
slenderness ratios exceed approximately 100 for both temperature
profiles, the instability stress is larger when Material (d) is used.
Conversely, Material (a) results in a larger instability stress than
that of Material (d) when the interstory drift of the columns
equals 1%. Both Material Models (a) and (d) lead to approximately
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Fig. 12. Instability stress of steel columns subjected to uniform longitudinal temperature with and without lateral drift
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Fig. 14. Instability stress of steel columns subjected to nonuniform longitudinal temperature with and without interstory drift
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identical reductions in the instability stress for slenderness ratios
equal to or less than 60 (A <60) for each of the temperature
profiles.

Case Study 4: Effect of Uniform versus Nonuniform
Longitudinal Temperature

This section evaluates the difference between uniform and non-
uniform longitudinal temperature profiles using the proposed
formulation. In this case, two uniform longitudinal temperature dis-
tributions, 400 and 800°C, are selected. Profile 2 per Fig. 13(b) is
considered for nonuniform temperature distribution since its tem-
perature profile varies between 400 and 800°C. Columns with
pinned—pinned boundary conditions with Material (a) are only con-
sidered. The analysis is performed for columns with no interstory
drift and with 1% drift, A = 0.01L..

Fig. 15(a) shows the results of the case with no interstory drift.
It is seen that the stress at the onset of instability for the column
with uniform longitudinal temperature distribution of 800°C is
smaller compared to that with nonuniform longitudinal tempera-
ture Profile 2, varying from 400 to 800°C. The same pattern is ob-
served when the column is initially subjected to 1% drift, shown in
Fig. 15(b). This is attributed to the fact that column with nonuni-
form longitudinal temperature distribution, Profile 2, has variable,
however overall larger, mechanical properties along the length
compared to the column with uniform temperature profile of
800°C. The results highlight the need for conducting analysis using
the proper temperature distribution since a direct relationship be-
tween the results obtained using uniform and nonuniform distribu-
tions cannot be inferred.

Summary and Conclusions

In this study, a nonlinear stability formulation was developed to
assess the response of steel columns under the sequential demand
of earthquake and fire loads. The proposed approach is seen as a
tool that can be utilized to study the effects of a wide variety of
variables on the instability of steel columns subjected to fire fol-
lowing earthquakes or fire loads acting alone. This methodology
includes both P-§ and P-A effects, residual stresses in hot-rolled
W-shaped steel sections, temperature-dependent material model-
ing, different boundary conditions, and nonuniform temperatures
along the length of the steel columns. Good agreement was ob-
served between results of the proposed formulation and available
strength design equations for steel columns at ambient and elevated
temperatures. The following preliminary conclusions can be drawn
from the analyses:

* The method showed excellent agreement with Chapter E of
the AISC 2016 Specification [AISC 360-16 (AISC 2016)] for
ambient temperatures.

* Using temperature-dependent material modeling in Eurocode 3
(CEN 2005), good agreement with the results of Takagi and
Deierlein (2007) was obtained.

e The proposed approach resulted in close agreement with the
design equation proposed by Agarwal and Varma (2011) when
implementing their material model.
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e The assumption of elastic—perfectly plastic steel behavior at
elevated temperatures results in nonconservative instability
stresses.

* The inclusion of interstory drift with uniform longitudinal tem-
perature results in significant reduction in buckling capacity of
steel columns. This effect is not considered in the Appendix 4
provisions of the AISC 2016 Specification [AISC 360-16
(AISC 2016)].

* The use of nonuniform longitudinal temperature resulted in the
maximum reduction in instability stress caused by lateral drift
effects in columns with slenderness ratios exceeding approxi-
mately 100.

e Comparison between uniform and nonuniform longitudinal
temperature distributions highlight the need for using the proper
temperature distribution since a direct relationship between the
results cannot be inferred.
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